The implosions of initially-solid beryllium liners (tubes) have been imaged with penetrating radiography through to stagnation. These novel radiographic data reveal a high degree of azimuthal correlation in the evolving Magneto-Rayleigh-Taylor (MRT) structure at times just prior to (and during) stagnation, providing stringent constraints on the simulation tools used by the broader high energy density physics and inertial confinement fusion communities. To emphasize this point, comparisons to 2D and 3D radiation magneto-hydrodynamic simulations are also presented. Both agreement and substantial disagreement have been found, depending on the approximations used in the modeling of the initial conditions of the experiments. The various models tested, and the physical implications of these models are discussed. These comparisons exemplify the importance of the experimental data obtained. Magnetized Liner Inertial Fusion (MagLIF) [1] is a concept that involves using a pulsed electrical current to drive the implosion of an initially-solid, cylindrical metal tube (liner) filled with fusion fuel (deuterium or deuterium-tritium). One-and two-dimensional simulations using the LASNEX radiation magnetohydrodynamics code [2] predict that if sufficient liner integrity can be maintained throughout the implosion, then significant fusion yield (>100 kJ) can be attained on the 25-MA, 100-ns Z accelerator [1, 3, 4] .
Imploding z-pinch systems are, however, susceptible to the Magneto-Rayleigh-Taylor (MRT) instability [5] [6] [7] [8] [9] [10] [11] . For MagLIF, the loss of liner integrity prior to stagnation could cause the concept to fail. To prevent this from happening, a thick liner with an aspect-ratio (AR) of less than 10 is thought to be necessary (AR ≡ initial liner outer radius / initial liner wall thickness). Simulations predict an optimum in the fusion yield when the liner AR is about 6 (see Fig. 10 in Ref. 1); larger AR liners are more susceptible to MRT, while lower AR liners result in slower implosion velocities.
In this Letter, we present the first experiments designed to study a MagLIF-relevant liner implosion through to stagnation. Monochromatic (6151±0.5-eV) radiography with 1-ns time resolution and 15-µm spatial resolution [12] was used to image the implosions of AR=6 beryllium (Be) liners. An overview of the experiments, including the experimental setup, is given in Fig. 1 . Because the radiography diagnostic provides two images per experiment, multiple experiments were conducted to acquire additional image times. The radiography data collected are shown in Fig. 2(a) . The latest (bottom) two frames captured the implosion just after the inner liner surface had stagnated on axis and while trailing liner material continued to flow into the stagna- The 125-µm-thick, 26-mm-diameter Be return-current can is approximately uniformly transparent to the 6151-eV backlighter. The minor attenuation that it causes is corrected for by the radiograph normalization and gradient-correction processes discussed in the text. (d) Drive current and radiograph times (vertical lines) from each experiment and a reference implosion trajectory from a 1D simulation that used the ALEGRA radiation magneto-hydrodynamics code [14] . Each current pulse was measured by fourḂ probes located 6 cm from the cylindrical axis of symmetry [15] .
tion column, compressing the column further. These radiographs were recorded on Fujifilm Imaging Plate, which responds linearly to the monochromatic, 6151-eV exposure. Each radiograph has been calibrated by zeroing and normalizing the exposure using samples taken from nominally opaque regions (not shown) and nominally trans- parent regions (outer edges where there is no plasma), respectively. After correcting for smoothly varying gradients in exposure levels, the transmission error has been reduced to a few percent over most of each image area. In some localized regions, exposure to time-integrated self-emission from the pinch resulted in large error (even saturating the Imaging Plate scans in some spots) [17] . Best efforts were made to avoid these regions when abstracting the various quantities presented later in this Letter.
Because of the low opacity of Be to 6151-eV photons, these radiographs reveal information about the entire volume of the imploding liner. For example, in the frames just prior to stagnation (z2172), the dark horizontal banding associated with the dominant MRT spikes shows that the MRT structure is strongly correlated azimuthally. Obtaining this level of azimuthal correlation from 3D Eulerian radiation magneto-hydrodynamic simulations turned out to be nontrivial, as is illustrated in Fig. 2(b-c) , where we present synthetic radiographs from a pair of simulations that used the 3D GORGON code [16] . The resolution for both of these simulations was 20 µm. The simulation in Fig. 2(b) was initialized solely with a white-noise random perturbation applied to the outer surface of the liner (i.e., cells adjacent to the liner's nominal outer surface were randomly filled with solid Be). Compared to the experiments, this simulation produced significantly less horizontal banding and azimuthal correlation. In an attempt to enhance the azimuthal correlation, and thus to better match the experiment data, the simulation in Fig. 2 (c) was initialized with a bias applied to the random-surface generator at several axial locations. This bias was applied to the entire circumference of the cylinder at these locations, and each location was one cell tall. These locations were selected randomly with about 3 occurring every axial mm. This methodol- ogy is reasonable in that the surface finishes of the liners used for these experiments did have significant amounts of azimuthally-correlated structure due to the fabrication process (see Fig. 3 ). This methodology attempts to capture the essence of the correlated seeding and is not intended to be a high-fidelity representation of the actual conditions.
We also ran several 2D LASNEX simulations that included a Fourier-series-constructed model of the initial liner surface that was based on a fit to the characterization data shown in Fig. 3(b) . Interestingly, we found that the Fourier components with wavelengths less than about 200 µm needed to be excluded from the surface construction, else the MRT structure would grossly overdevelop relative to the experiments (see Fig. 2(d-e) ). We are not entirely sure why this occurs. For liner implosions on much longer time scales (0-6 MA in 7 µs), Reinovsky et al. [8] also observed suppression of short-wavelength MRT modes, but cite solid-state liner material strength as the reason for this suppression. For the fast liner implosions presented in this Letter, however, simulations using ALEGRA, GORGON, and LASNEX all show that the liner is shock compressed and melted very early in the implosion (prior to any significant motion of the inner liner surface), and thus solid-state material strength is not believed to play a significant role in this fastimplosion case. Thus looking elsewhere for an explanation, one known modeling inaccuracy is that 2D simulations are by definition perfectly correlated azimuthally. In an experiment, however, the azimuthal correlation lengths of very short wavelength perturbations are small compared to the liner circumference, and thus these very short wavelength perturbations cannot contribute to the MRT development as much as that predicted by pure 2D simulations. These computational issues will be investigated and discussed further in separate publications.
To better characterize the MRT evolution of the experiments, as well as to more quantitatively compare the experiments with the simulation results shown in Fig. 2(cd) , we made use of Abel-inversion-based reconstructions of the imploding liners' volume densities. This was done by first converting both the experiment and simulation radiographs from transmission images, T (x, z), to areal density images, ρ areal (x, z)=− ln T (x, z)/κ, where κ is the opacity of Be to 6151-eV photons. We then Abel inverted ρ areal (x, z) to obtain the volume density data, ρ(R, z). Example volume density reconstructions are shown for the experiments in Fig. 4(a) and for the GORGON 3D simulation in Fig. 4(b) . These reconstructions are not rigorous because the radiographs are not perfectly cylindrically symmetric. Furthermore, in abstracting useful quantities from these reconstructions (i.e., the plots to follow), the uncertainty is predominantly due to the nonuniformity in the MRT structure itself; this uncertainty is represented by the "error" bars plotted throughout this Letter. Figure 4 (c) displays volume density cut-through slices taken directly from the GORGON simulation output. Comparing these "true" density slice images with the Abel-reconstructed images of Fig. 4(b) illustrates the difficulty of trying to assess the integrity of the liner's inner surface from Abel-based reconstruction methods. For example, Fig. 4(c) shows that the inner surface remains reasonably well intact, while it is difficult to tell from the Abel-reconstructed images in Fig 4(b) .
We averaged the volume density reconstruction data axially to obtain a 1D profile for each frame (see examples in Fig. 5 ). The inner edge of each profile provided a well-localized measurement of the imploding liner's inner radius. The outer edges of these 1D profiles are, however, not very well localized due to the development of MRT. Thus to characterize the outer surface of each frame, we used the steep density gradients (i.e., the well-localized positions) of the dominant MRT bubbles in each volume density image. Additionally, we located the center-ofmass of the MRT spike structure that trails the bubbles. The inner, bubble, and spike radii are plotted in Fig. 6 along with reference trajectories from a 1D ALEGRA [14] simulation.
We define the MRT amplitude to be the difference between the spike radius and the bubble radius. These amplitudes are plotted in Fig. 7(a) as a function of the normalized distance that the MRT interface has moved, 1−R(t)/R(0), where R is the radial position of the MRT interface and where we are using the bubble radii for R(t) and the liner's initial outer radius as R(0). The MRT amplitude grows nearly linearly with the distance moved. Expressed as a fraction of the distance moved, this growth is therefore nearly constant, and is in the GORGON 3D simulations (b-c) . The density images in (a-b) were generated by Abel inverting the corresponding radiographs of Fig. 2(a,c) . The images shown in (c) are cut-through slices taken directly from the GORGON simulation output. range of 0.05-0.15, which is consistent with results from classical hydrodynamic Rayleigh-Taylor experiments in the nonlinear regime [18] . Furthermore, we find that the total mass associated with the MRT spikes also grows nearly linearly with the distance moved, and that this mass reaches a maximum of roughly 50±35% of the total liner mass in the frames just before stagnation.
Using the volume density reconstruction data, we let ρR(z)| L,R ≡ ρ(R, z)dR L,R , where L, R indicates using the left or right side of the image data. A third se-ries of ρR(z) data is generated using the central, on-axis areal density values directly, i.e., ρ areal (0, z)≡ 2ρR(z)| C . For each frame, these three spatial series, ρR(z)| L,R,C , were analyzed using a Fast Fourier Transform (FFT) algorithm, the results of which are shown in Fig. 7(b) . The wavelengths and their vertical "error" bars were determined by using the FFT-generated power spectra as energy distribution functions. The nominal wavelength values plotted are the means of these distributions, while the vertical bars plotted bound the 50% confidence intervals of the distributions (50% of the total fluctuation energy is contained by the wavelengths within the vertical bars). The results show that the mean MRT structure grows to longer wavelengths, as has been reported elsewhere for other types of z-pinches (see for example the computational studies of Ref. 19) . Like the amplitude growth, the wavelength growth is also nearly linear with distance moved.
In Fig. 7 (c), we plot the results of averaging ρR(z)| L,R,C over z, along with the expected liner ρR for cylindrical convergence, (ρ 0 R 0 ) * (R 0 /R(t)). The vertical "error" bars represent the uncertainty in the axiallyaveraged liner ρR. However, they are also an indication of the imploding liners' overall ∆(ρR) (i.e., the variation of ρR(z) along z due to the axial mass displacement associated with MRT development). The ∆(ρR) values plotted as the vertical "error" bars were calculated using the statistical absolute deviation of ρR(z) about its mean. The axially-averaged liner ρR and ∆ρR are important parameters to quantify for MagLIF since this concept relies substantially on the stagnating liner mass to inertially confine the hot and dense fuel while the fusion reactions occur. Equation 20 from Ref. 1 indicates that the fusion yield should scale roughly as (ρR) 1/2 . Figure 7(c) shows that the liner ∆(ρR) remains below about 30% of the axially-averaged liner ρR at the latest time measured. Thus we might hope that the fusion yield degradation due to this level of MRT disruption remains on the order of about 16% (or less).
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